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Renal tubular acidosis induced by dietary chloride. Previous studies
have demonstrated that dietary intake of anions with high renal
reabsorbability (C1 > SO4) can result in either exacerbation of
chronic metabolic acidosis or correction of chronic metabolic alkalosis.
These results, however, fail to predict the renal acid-base response to
Cl administration when systemic acid-base composition is initially
normal, but accompanied by an extracellular fluid (ECF) volume-
mediated renal avidity for C1 reabsorption; that is, the renal options
include HC1 retention, KCI retention, and phosphaturia. Accordingly,
the present metabolic balance studies evaluated the response to substi-
tution of dietary C1 (2.5 mEq/kg/day) for Pi in five dogs previously
ECF-depleted with diuretics and maintained on a dietary K supple-
ment, 5.0 mEq/kg daily as neutral Pi (electrolyte-free diet) during a
steady-state control period. Dietary C1 resulted in a decrease in
arterial plasma [HC03] from 21.2 0.7 to 17.8 0.8 mEq/liter, (P <
0.01) and increase in [H] from 38.5 0.7 to 43.3 0.8 nEq/liter (P <
0.001). Urine pH increased (P < 0.01), the cumulative change in net
acid excretion decreased (—79 mEq, P < 0.05), and Cl retention (39
mEq, P < 0.05) occurred. No change in Na, K, or Pi excretion
occurred. The renal acidosis was fully corrected when S04 was
substituted for dietary C1 and redeveloped when Cl was resubstitut-
ed. Superimposition of a large oral buffer load (creatinine) did not
ameliorate C1-induced renal acidosis. The results indicate that dietary
reabsorbable anions can result in renal acidosis when C1 reabsorption
is stimulated and suggest that anion reabsorbability characteristics and
not anion buffer properties are responsible.
Acidose tubulaire rénale induite par le chlorure alimentaire. Les
etudes antérieures ont démontré que l'apport alimentaire d'anions avec
une forte réabsorbabilité rénale (Cl > S04) peuvent entrainer soit
une exacerbation d'une acidose métabolique chronique, soit Ia correc-
tion d'une alcalose metabolique chronique. Ces résultats, cependant, ne
permettent pas de predire Ia réponse acido-basique rénale a l'adminis-
tration de Cl lorsque Ia composition systemique en acides et en bases
est initialement normale, mais accompagnée d'une avidité rénale pour
Ia reabsorption du C1 en rapport avec le volume extracellulaire;
autrement dit, les possibilités rénales incluent Ia retention d'HCI, Ia
retention de KC1, et Ia phosphaturie. De Ia sorte, les présentes etudes
en balance metabolique ont évalué Ia reponse a Ia substitution du Ct
alimentaire (2,5 mEq/kg par jour) par du Pi chez cinq chiens dont le
volume extracellulaire était préalablement diminué avec des diurét-
iques, et qui étaient maintenus avec un supplement en K alimentaire, 5
mEq/kg jour sous forme de Pi neutre (régime sans electrolyte) pendant
une pénode contrôle a l'équilibre. Le C1 alimentaire a entraIné une
diminution de [HC03] plasmatique artériel de 21,2 0,7 a 17,8 0,8
mEq/litre (P < 0,01) et une augmentation de [H} de 38,5 0,7 a 43,3
0,8 nEq/litre (P < 0,001). Le pH urinaire a augmenté (P < 0,01) Ia
modification cumulative de l'excrétion acide nette a diminué (—79 mEq,
P < 0,05), et une retention de C1 (39 mEq, P < 0,05) s'est produite.
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Aucune modification de l'excrétion de Na, K* ou Pi est apparue.
L'acidose rénale était totalement corrigee Iorsque du SO4 était substi-
tue au Cl alimentaire et réapparaissait lorsque le C! était réintroduit.
La superposition d'une grande charge orale de tampons (créatinine) n'a
pas amélioré l'acidose rénale induite par le C1. Ces rCsultats indiquent
que les anions alimentaires réabsorbables peuvent entrainer une aci-
dose rénale lorsque Ia reabsorption de C1 est stimulée et suggerent que
les caractéristiques de Ia réabsorbabilité des anions, et non les pro-
prietés tampons des anions sont responsables.
A major role for the chemical characteristics of dietary anions
in chronic renal regulation of plasma bicarbonate concentration
has been suggested by the results of studies by DeSousa eta! [1]
in dogs which demonstrated that the magnitude of reduction in
plasma bicarbonate concentration during chronic mineral acid
administration was directly related to the renal reabsorbability
of the administered acid anion (Cl > S04 > N03). This
finding raises the possibility that the characteristics of dietary
anions might participate in the renal regulation of plasma
bicarbonate concentration also under conditions of normal
endogenous acid loads in the absence of exogenous acid admin-
istration. Evidence consistent with this possibility is the finding
that administration of nonreabsorbable anions to dogs or hu-
mans ingesting a low sodium chloride diet can lead to a
sustained increase in plasma bicarbonate concentration and
metabolic alkalosis in association with a significant increase in
net acid excretion [2, 3]. Furthermore, in both species the
provision of reabsorbable dietary or parenteral chloride salts to
extracellular fluid (ECF) volume-depleted subjects with meta-
bolic alkalosis results in sufficient decreases in net acid excre-
tion and plasma bicarbonate concentration to normalize plasma
bicarbonate concentration in conjunction with renal cation
retention and expansion of ECF volume [3, 4].
These observations, however, do not permit prediction of the
renal and systemic acid-base and electrolyte response to sus-
tained provision of dietary reabsorbable anion (chloride) to
sodium/ECF-depleted animals previously maintained on an
electrolyte intake consisting exclusively of nonreabsorbable
anion (for example, potassium phosphate). In providing dietary
chloride, the kidney is confronted with at least four distinct
options for response. First, the presence of an ECF volume-
mediated stimulus to renal chloride reabsorption might result in
significant renal chloride retention in association with dietary
potassium. Such a renal response to partial substitution of
dietary chloride for phosphate would result in hyperkalemia and
hyperchloremia. Second, if a portion or all of the chloride
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retention was accompanied by a decrease in net acid excretion
(retention of H), then renal acidosis would obtain. Third,
chloride retention might result in a lack of change in cation
excretion. The entire positive chloride balance might be offset
by an equivalent phosphaturia. Thus, provision of dietary
chloride to an animal with pre-existing normal acid-base com-
position and a persisting physiological stimulus to renal chloride
reabsorption presents the kidney and the organism with options
for response that encumber at least three potential physiological
"trade-offs." If the cation retention options are chosen, then
hyperkalemia and/or acidosis will result. If augmented anion
excretion is selected, then anion depletion (for example, phos-
phate depletion) will ensue. A fourth, but unlikely renal option,
would be to completely forego chloride retention and to
promptly deliver the full increment in systemic chloride load
into urine in conjunction with an equivalent decrease in phos-
phate excretion. This final option would represent a trade-off of
chloride homeostasis in favor of preservation of acid-base,
potassium and phosphorus homeostasis.
Accordingly, the present studies were designed to assess the
effects of alterations in dietary anion character in dogs with pre-
existing ECF volume depletion when dietary cation composi-
tion remains fixed. The results demonstrate that renal tubular
acidosis occurs and persists following provision of dietary
chloride in substitution for phosphate. The results indicate that
during ECF volume depletion, systemic acid-base equilibrium
is critically dependent on the chemical characteristics (for
example, reabsorbability) of the dietary anion load in circum-
stances of normal endogenous acid production.
Methods
The effect of change in dietary anion and buffer intake on
long-term plasma and urinary acid-base and electrolyte compo-
sition was determined in four sequential study periods in five
ECF volume-depleted female mongrel dogs weighing 12 to 16
kg. Throughout the studies, the dogs were fed a constant
amount (30 g/kg/day) of a low-electrolyte (Na 0.9 mEq/l00 g,
K 0.02 mEq/l00 g) synthetic diet [5] homogenized with
distilled water (60 mI/kg/day). During prefeeding and control
periods, the synthetic diet was supplemented with potassium,
5.0 mEq/kg daily as the neutral phosphate salt. Following a
prefeeding period of 3 days duration, sodium depletion was
induced by concurrent administration of amiloride (Merck,
Sharp & Dohme, West Point, Pennsylvania) 1 or 2 mg/kg daily
in two divided oral doses and ethacrynic acid (Merck, Sharp &
Dohme) 1 mg/kg i.v. in 5% dextrose (2 hr postfeeding) for a
period of 4 days. In one animal sodium depletion was achieved
with ethacrynic acid alone. Since the administration of etha-
crynic acid in conjunction with a low chloride diet resulted in
metabolic alkalosis, alkalotic animals received at least two oral
doses of hydrochloric acid following the final dose of ethacrynic
acid administration for the purpose of normalizing plasma acid-
base composition prior to the initiation of control observations,
In no case was a dose of hydrochloric acid administered less
than 40 hr prior to initiating control observations. The period of
equilibration required for normalizing acid-base composition
varied from 12 to 22 days in duration. Following establishment
of a steady-state control period of plasma and urinary acid-base
composition of 5 to 7 days duration, experimental periods were
commenced as specified. Studies were terminated if vomiting
resulted in a cumulative loss greater than 100 ml. Fasting
arterial blood samples were drawn from the femoral artery (9
A.M.) in heparinized glass syringes at 24- to 72-hr intervals.
Urine was collected in metabolic cages over stainless steel
surfaces into glass bottles containing mineral oil and thymol-
chloroform preservative. Values for urinary excretion data are
reported as normalized to 20 kg of body wt unless otherwise
specified.
Protocol 1—Effect of chronic dietary anion substitutions on
renal and systemic acid-base equilibrium (N = 5)
Period 1—Effect of substitution of dietary chloride for phos-
phate in dogs with pre-existing ECF volume depletion. The
objective of this period was to characterize the renal and
systemic acid-base response to an increase in dietary chloride
without a change in cation intake. Accordingly, following the
establishment of a stable control period, half of the dietary
potassium supplement (2.5 mEq/kg daily) was changed to the
chloride salt in substitution for the neutral phosphate salt. The
remainder of the potassium supplement (2.5 mEq/kg) was
continued as the neutral phosphate salt. The potassium chloride
supplement was continued for a period of 7 days, during which
time a steady-state of renal and systemic acid-base equilibrium
was achieved.
Period 2—Effect of substitution of dietary sulfate for chloride
in dogs with pre-existing ECF volume depletion. The objective
of this period was to ascertain whether the metabolic acidosis
resulting from provision of dietary chloride in Period I could be
mitigated by substitution of an anion with characteristics as a
nonreabsorbable anion, but as for the case of chloride, without
buffer properties in the physiological pH range. Accordingly,
following the steady-state of renal and systemic acid-base
equilibrium obtained in Period 1, potassium sulfate was substi-
tuted for equivalent potassium chloride in the daily diet for a
period of 7 to 11 days. The potassium phosphate supplement
(K, 2.5 mEq/kg) was continued as in Period 1.
Period 3—Effect of resubstitution of dietary chloride for
sulfate in dogs with pre-existing ECF volume depletion. The
objective of this period was to ascertain whether systemic
acidosis would redevelop following reinstitution of dietary
chloride and discontinuation of dietary sulfate. Accordingly,
following the establishment of a steady-state of renal and
systemic acid-base equilibrium during potassium sulfate admin-
istration, KC1 2.5 mmoles/kg was reintroduced to the daily diet
in substitution for equivalent potassium sulfate for a 7- to 10-
day period. The potassium phosphate supplement (K, 2.5
mEq/kg daily) remained unchanged.
Protocol 2—Effect of chronic buffer loading on renal and
systemic acid-base equilibrium (N = 4)
Effect of chronic creatinine loading during chloride-induced
renal acidosis. The objective of this protocol was to evaluate
the renal and systemic acid-base response to a chronic increase
in urinary buffer excretion in the absence of alterations in
dietary electrolyte or anion characteristics. Performance of this
protocol was stimulated by the possibility that a component of
the acid-base effects of the chloride/phosphate substitution in
Protocol 1 might be due to the urinary buffering properties of
phosphate in addition to reabsorbability characteristics. Ac-
cordingly, following the stable period of persistent acidosis
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Table 1. Effect of chronic dietary anion substitutions and creatinine loading on plasma acid-base and electrolyte composition in ECF volume-
depleted dogsa
Anion
HCO3 HCO gap C1 NaWa PaCO2
Period nEqiliter mm Hg mEqiliter
K LK
Protein
gidI
Creatinine
mg/dl
Weight
kg
Protocol 1, N = 5
Control; K 5.0 mEq/kg as neutral Pi daily
38.5 33.6 21.2 18.3 99.2 134.3 4.4 7.1 0.68 13.4
±0.7 ±0.8 ±0.7 ±1.2 ±3.2 ±3.4 ±0.2 ±0.2 ±0.02 ±0.6
Chloride substitution; K 2.5 mEq/kg as C1 and K 2.5 mEq/kg as neutral Pi daily
Day 1 44.1' 32.0 l7,6d 19.1 l04.2b 136.3 4.6 +0.2 7.1 13.4
±1.1 ±1.1 ±0.4 ±0.4 ±2.2 ±3.7 ±3.0 ±0.2 ±0.1 ±0.2 ±0.6
Days 4 to 7 433d 31.9 17.8' 16.6 105.7' 135.3 4.8 +0.4 7.1 0.68 13.3
±0.8 ±1.1 ±0.8 ±0.5 ±1.0 ±3.0 ±2.6 ±0.1 ±0.2 ±0.2 ±0.02 ±0.6
Sulfate substitution; K 2.5 mEq/kg as SO and K 2.5 mEq/kg as neutral Pi daily
Day 1 40.5' 31.3 l8.8" ±1.0" 16.2 103.7 133.9 4.7 —0.1 6.9 13.3
±0.9 ±0.8 ±0.6 ±0.3 ±2.0 ±3.3 ±2.8 ±0.1 ±0.1 ±0.2 ±0.6
Days 4 to 7 40.0 34.2" 20.8' +3.0' 17.2 l02.6' 136.1 4.5 —0.3 6.8 0.72 13.4
±0.5 ±1.0 ±0.5 ±0.5 ±0.7 ±3.6 ±3.4 ±0.2 ±0.2 ±0.1 ±0.03 ±0.7
Chloride resubstitution; K 2.5 mEq/kg as C1 and K 2.5 mEq/kg as neutral Pi daily
Day 1 42.0' 30.4" l7.6 3.2' 16.1 l06.8' 136.0 4.5 0.0 6.9 13.4
±1.4 ±1.6 ±0.7 ±0.3 ±1.0 ±3.1 ±3.2 ±0.2 ±0.1 ±0.2 ±0.7
Days 4 to 10 42.6g 32.2' l8.4d.f 15,6' 106.2b,f 135.6 4.6 0.0 6.9 0.66 13.4
±0.9 ±0.7 ±0.5 ±0.2 ±0.8 ±2.8 ±2.7 ±0.2 ±0.1 ±0.2 ±0.02 ±0.7
Protocol 2, N = 4
Control: K 2.5 mEq/kg as C1 and K 2.5 mEq/kg as neutral Pi daily
42.1 32.6 18.8 15.9 107.7 137.8 4.6 6.9 0.71 14.1
±1.1 ±0.8 ±0.5 ±0.8 ±2.5 ±1.8 ±0.1 ±0.3 ±0.06 ±0.6
Creatinine loading; add creatinine 5.0 mmoles/kg to daily diet
Day 1 40.8 32.4 19.3 +0.5 14.8 106.9 136.6 4.3 —0.3 6.9 14.1
±0.6 ±1.1 ±0.5 ±0.8 ±1.3 ±2.9 ±2.1 ±0.1 ±0.1 ±0.3 ±0.5
Days 5 to 7 41.5 32.4 18.9 +0.1 15.0 107.7 137.2 4.4 —0.1 7.0 2.93" 14.1
±0.6 ±0.6 ±0.6 ±0.4 ±1.1 ±2.7 ±1.7 ±0.2 ±0.2 ±0.3 ±0.42 ±0.6
Abbreviations: Wa, hydrogen ion activity in arterial blood; PaCO2, CO2 tension in arterial blood.
Values are means ±sEM; mean values were tested for significant differences from the previous steady-state period (entire control period or days
4 to 7) and are footnoted by b, c, and d indicative of significance at the 0.05, 0.01, and 0.001 probability levels, respectively. Values during sulfate
substitution and chloride resubstitution were also tested for differences from the original control period and are footnoted by e, f, and g indicative of
significance at the 0.05, 0.01, and 0.001 probability levels, respectively (Student's I test).
induced by continuation of dietary chloride (Period 3), a final
experimental period was obtained in four dogs from Protocol 1
in which an exogenous creatinine (Sigma Chemical Company,
St. Louis, Missouri) load (5.0 mmoles/kg daily, pH 7.4, pK' 4.9)
was added to the diet to assess the independent effect of a large
increase in urinary buffer.
Analytical procedures
All determinations were performed in duplicate. Analytical
methods used in this laboratory have been described in previ-
ous reports [6, 7]. Because of potential interference of high
concentrations of creatinine with the colorimetric determina-
tion of urinary NH4, ammonium concentration in Protocol 2
was determined by both enzymatic [8] and colorimetric [9]
methods. Over the range of ammonium concentration of inter-
est (20 to 70 mEq/liter), no significant difference between
methods could be discerned: enzymatic (y) versus colorimetric
(x), y = 1.7 + 0.96x, r 0.98, P < 0.001. Accordingly,
colorimetric values for ammonium concentration are reported
for both protocols. Net acid excretion was calculated as the
sum of urinary NH4 and titratable acidity minus HC03. Prior
to and during the period of creatinine loading (Protocol 2),
titratable acidity was determined by titration with sodium
hydroxide in C02-free urine from urine pH to blood pH. Anion
gap was calculated as (Na + K) minus (C1 + HC03) in
plasma and as (NH4 + Na + K) minus (C1 + HC03 +
H2P04 + HPO4) in urine. Statistical significance was deter-
mined by Student's t test [10].
Results
Protocol 1—Effect of chronic dietary anion substitution on
renal and systemic acid-base equilibrium
Period 1—Effect of substitution of dietary chloride for phos-
phate in dogs with pre-existing ECF volume depletion. Prior to
the initiation of control observations, pretreatment with amilor-
ide and ethacrynic acid resulted in a cumulative sodium deficit
averaging 205 mEq in association with persistent hyponatremia
(Table 1). No appreciable alteration in potassium balance was
observed during this period (+2.5 mEq). Following the estab-
lishment of a steady-state of normal plasma and urinary acid-
base composition (Fig. 1), substitution of chloride for a portion
of the dietary phosphate supplement resulted in significant and
sustained hyperchioremia, hypobicarbonatemia, and acidemia
(Table 1, Fig. 1). Mean plasma potassium concentration in-
creased but the change was not statistically significant. Chlo-
ride substitution resulted in a prompt and significant increase in
urine pH and decrease in net acid excretion. The cumulative
decrement in net acid excretion averaged 79 mEq (P < 0.05) by
day 7 of chloride administration. Renal chloride retention
occurred promptly on day 1 of chloride substitution and the
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Plasma 20[HC031, 18
mEq/liter 16
44
Blood 42[Hi, 40nEq/Iiter 38
6.2
Urine 6.0
pH 6.8
5.6
NH4
excretion,
mEq/24 hr(.)
cumulative retention averaged 39 mEq (P < 0.05). The decrease
in phosphate excretion that followed the decrease in phosphate
intake was essentially complete on day 1 of chloride substitu-
tion; no significant change in cumulative phosphate excretion
(corrected for change in intake) was observed. No significant
changes in urinary sodium, potassium, or unmeasured anion
excretion were observed.
Period 2—Effect of substitution of dietary sulfate for chloride
in dogs with pre-existing ECF volume depletion. Substitution of
dietary sulfate for all of the dietary chloride supplement of
Period 1 resulted in a prompt and significant increase in plasma
bicarbonate concentration which attained a value (20.8 0.5
mEq/liter) not significantly different from that of the original
control value (21.2 0.7 mEq/liter) by days 4 to 7 (Table 1).
Plasma chloride concentration decreased significantly. Correc-
tion of acidosis was associated with an increase in net acid
excretion, a significant cumulative chloruresis (+ 10 3 mEq,
day 7, P < 0.05, corrected for change in intake) and no
significant change in phosphate, sodium, or potassium excre-
tion. Plasma potassium concentration tended to decrease as
potassium excretion increased but neither change was statisti-
cally significant.
Period 3—Effect of resubstitution of dietary chloride for
sulfate in dogs with pre-existing ECF volume depletion. Reiniti-
ation of dietary chloride resulted in prompt redevelopment of
hyperchloremic acidosis of similar magnitude as that observed
in Period 1 (Table 1). Urine pH again increased and net acid
excretion again decreased significantly (Table 2). Renal chlo-
ride retention again averaged 39 mEq and was not accompanied
by significant changes in phosphate, sodium, or potassium
excretion.'
Protocol 2—Effect of chronic buffer loading on renal and
systemic acid-base equilibrium
Hyperchloremic acidosis persisted during the provision of
dietary chloride despite superimposition of chronic creatinine
loading and an increase in urinary creatinine excretion from 3.7
0.2 to 76.1 3.6 mmoles/24 hr (P < 0.001, control vs. days 5
to 7). No significant changes in urinary net acid or electrolyte
excretion were observed.
Discussion
In humans and experimental animals with metabolic alkalosis
caused by the depletion of body chloride and sustained by
withholding dietary chloride, provision of chloride salts in the
diet causes a reduction in plasma bicarbonate concentration and
correction of metabolic alkalosis [3, 4]. The results of the
present studies demonstrate that when animals with chloride!
ECF volume depletion and normal plasma acid-base composi-
tion are provided with dietary chloride in substitution for
dietary phosphate, plasma bicarbonate concentration decreases
and results in metabolic acidosis. In both cases the reduction in
plasma bicarbonate concentration is mediated by a reduction in
net acid excretion, and maintenance of the new level of plasma
bicarbonate concentration reflects a reduction in the set point
for renal regulation of plasma bicarbonate concentration. Thus,
provision of dietary chloride in substitution for dietary phos-
phate in normobicarbonatemic ECF volume-depleted animals
results in a form of renal tubular acidosis.
A possible consideration is that the reversible impairment in
renal acidification caused by substitution of dietary chloride for
phosphate occurred in response to a decrease in the electrical
gradient (lumen negative) that ordinarily favors hydrogen ion
secretion in distal segments [11, 12]. A decrease in lumen-
negative potential difference in association with a change in
systemic anion load from relatively nonreabsorbable to more
reabsorbable species (for example, phosphate to chloride)
would be consistent with the results of in vivo distal micropunc-
ture studies in the rat [13] and in vitro microperfusion of
isolated rabbit cortical collecting tubules [141 which indicate
that the presence of large amounts of sulfate or other relatively
nonreabsorbable anions in luminal fluid results in enhanced
'It is recognized that the magnitude of observed chloride retention
during chloride substitution and resubstitution is somewhat greater than
that required to account for the observed changes in plasma chloride
concentration using an estimate for chloride distribution space of 20%
of body weight. An additional quantitative consideration is the finding
that the magnitude of hydrogen ion retention during chloride substitu-
tion and resubstitution was dissimilar whereas the magnitude of chlo-
ride retention in these two periods was identical. Since the associated
changes in plasma acid-base composition were similar in these two
periods, it is tempting to attribute both the magnitude of chloride
retention and the variability in acid retention to the limited degree of
accuracy and precision achievable with the balance technique.
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Fig. 1. Effect of dietary anion substitutions on plasma and urinary acid-
base and electrolyte composition. Cumulative change () in C1
excretion is corrected for change in Cl intake.
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Table 2. Effect of chronic dietary anion substitution and creatinine loading on urinary acid-base and electrolyte excretion in ECF volume-
depleted dogs"
NH4 T.A. HC03 Net acid Pi
mmoles/24 hr
Period pH mEq/24 hr (mEq) (minoles)
Na K Cl Anion gap
Volume
ml/24 hrmEq/24 hr (mEq)
Protocol 1. N = 5
Control; K 5.0 mEq/kg as neutral Pi daily
5.81 30.0 46.1 0.7 75.4 65.6 0.5 74.6 0.5 31.2 859
±0.04 ±1.3 ±1.5 ±0.1 ±2.4 ±2.1 ±0.1 ±2.7 ±0.1 ±1.6 ±36
Chloride substitution; K 2.5 mEq/kg as C1 and K* 2.5 mEq/kg as neutral Pi daily
Day 1 6.22° 20.5" 23.4° 1.9" 42.0° 42.7" 0.5 70.4 4.2 32.9 837
±0.11 ±3.0 ±1.7 ±0.4 ±4.4 ±3.7 ±0.2 ±4.7 ±2.6 ±3.6 ±53
Days 4 to 7 5.86 38.4b 30.4" 0.5 68.2 44.9" 0.3 78.8 41.4d 25.3b 870
±0.05 ±1.9 ±1.4 ±0.1 ±3.0 ±2.1 ±0.1 ±2.7 ±2.6 ±1.1 ±37
(Day 7, (+40) (1l8)" (0) (_79)b (—2) (0) (+ 13) (_39)b (—29)
Sulfate substitution; K 2.5 mEq/kg as 504 and K 2.5 mEq/kg as neutral Pi daily
Day 1 5.69 44.7" 33.V 0.3 77.5 45.9" 0.6 82.6 8.8d 68.9" 848
±0.09 ±3.5 ±1.4 ±0.1 ±4,5 ±1.9 ±0.2 ±3.8 ±2.7 ±3.6 ±105
Days 4 to 7 5.76 37.8e 32.5" 0.6 69.8 46.0" 0.7" 80.3 0.4" 67.7"" 907
±0.05 ±1.8 ±1.4 ±0.2 ±2.9 ±1.5 ±0.1 ±2.0 ±0.1 ±1.8 ±34
(Day 7, ,A) (+3) (+15)b (—1) (+ 19) (+5) (+2) (+ 11) (+10)b (+300)d
Chloride resubstitution; K 2.5 mEq/kg as C1 and K 2.5 mEq/kg as neutral Pi daily
Day 1 6.29"" 25.0"" 21.9" 3.0"" 43.8°" 4Ø,9f 0.3° 73.6 7.8 36.1° 777b
±0.09 ±0.7 ±3.0 ±0.8 ±3.7 ±5.2 ±0.1 ±4.6 ±3.4 ±5.9 ±37
Days 4 to 10 5.90 39.l 29,7 0.8 68.0" 46.6g 0.5 81.3 42.8d.g 26.8d. 919
±0.06 ±1.4 ±1.2 ±0.1 ±2.3 ±1.5 ±0.1 ±2.2 ±1.7 ±1.4 ±26
(Day 7, (—2) (—22)" (±4)b (—27) (—7) (—1) (+2) (—39) (—273)"
Protocol 2, N = 4
Control; K 2.5 mEq/kg as C1 and K 2.5 mEq/kg as neutral Pi daily
5.88 41.6 34.4 1.0 75.1 46.6 0.5 82.6 44.6 26.1 970
±0.07 ±2.1 ±1.5 ±0.3 ±3.3 ±1.9 ±0.1 ±3.0 ±2.0 ±1.4 ±39
Creatinine Loading; Add creatinine 5.0 mmoles/kg to daily diet
Day 1 5.99 36.9 36.8 0.9 67.0 47.1 0.6 83.1 45.4 20.4 1066
±0.10 ±5.1 ±2.1 ±0.2 ±8.0 ±2,1 ±0.5 ±0.5 ±4.1 ±1.6 ±106
Days 5 to 7 5.87 36.1 41.5 0.7 77.0 44.9 0.3 71.3 44.2 12.6" 958
±0.07 ±4.0 ±4.5 ±0.2 ±8.1 ±4.5 ±0.1 ±7.7 ±3.9 ±4.9 ±91(Day 7, ) (—26) (±49)"' (—2) (+25) (—16) (—1) (—57) (—2) (—64)
Values are means ± s; mean excretion values were tested for significant differences from the previous steady-state period (entire control
period or days 4 to 7) and are footnoted by b, c, and d indicative of significance at the 0.05, 0.01, and 0.001 probability levels, respectively.
Excretion values during sulfate substitution and chloride resubstitution were also tested for differences from the original control period and are
footnoted by e, f, and g indicative of significance at the 0.05, 0.01, and 0.001 probability levels, respectively (Student's t test). Cumulative
excretion values () are calculated as the accumulated sum of the daily differences from the previous steady-state period and are depicted by
parentheses. For values, the symbols refer to significant differences from zero. C1 and Pi excretion values are corrected for change in Cl
intake and, therefore, positive values reflect net losses into urine.
lumen negative potential relative to that observed with chloride.
The effect of anion characteristics on transepithelial potential is
dependent, at least in part, on a coexisting stimulus to sodium
reabsorption, as is evidenced by the finding in the distal
micropuncture studies that the augmentation of luminal negativ-
ity by sulfate was significantly amplified in animals with chronic
ECF volume depletion and enhanced avidity for sodium reab-
sorption [13]. Evidence has also been adduced in perfused
rabbit cortical collecting tubules that luminal anion substitu-
tions (for example, sulfate for chloride) can increase lumen
negative potential by virtue of a decrease in transepithelial
electrical conductance as assessed by the technique of intralu-
minal current injection and one-dimensional cable analysis [14].
These observations have also suggested that the chloride con-
ductance of this segment accounts for most of the variation in
total electrical conductance. The relative importance of primary
alterations in sodium transport, alterations in anion permeabili-
ty and alterations in electrical conductance on anion-induced
distal segmental changes in transepithelial voltage requires
further investigation.
The present observation of an impairment in renal regulation
of plasma bicarbonate concentration induced by a change in
systemic anion load that predictably results in significant de-
creases in lumen negative potential difference is consistent with
the known and inferred acidification characteristics of distal
nephron segments. These characteristics include both (1) a
sodium transport dependent/voltage dependent component of
hydrogen ion secretion and (2) a sodium/voltage independent
active hydrogen ion secretory component [11, 15—19]. Based on
the known distal electrophysiological effects of alterations in
anion reabsorbability, the results of the present studies are
consistent with a voltage-dependent decrease in passive distal
hydrogen ion secretion. However, the alternative possibility of
a voltage-independent effect of anion substitution on active
hydrogen ion secretion requires consideration. Whereas this
question has not been addressed in mammalian species, recent
studies of basolateral membrane vesicles from renal tubules of
the southern flounder have suggested the presence of an active
2H:SO4 symport or 20H:S04 antiport system [20], which,
if active in the intact kidney, would be consistent with previous-
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ly reported active renal sulfate secretion in other marine teleost
species [21, 22]. It is possible that a similar mechanism might
contribute to the enhanced renal acidification observed with
sulfate and/or phosphate administration in the present chronic
studies as well as in previously reported acute studies in
humans [23].
An additional voltage-independent mechanism that might be
potentially responsible for chloride-induced acidosis is suggest-
ed by the recent finding in vitro in perfused rabbit medullary
collecting tubules that hydrogen ion secretion in this segment is
stimulated by the presence of a transepithelial chemical chlo-
ride gradient favoring chloride secretion [24]. Stone et al [24]
have interpreted this finding as indicative of a hydrochloric acid
secretory process in this segment. Since chloride delivery and
luminal concentration at collecting duct sites would be expected
to increase markedly following provision of dietary chloride in
the present studies, the consequent decrease in transepithelial
chloride gradient might result in diminished hydrochloric acid
secretion.2 Such a mechanism for renal acidosis is particularly
attractive in view of the evidence indicating a greater hydrogen
ion secretory capacity in medullary collecting tubules than in
cortical collecting tubules 125].
The possibility may be considered that chloride-induced
reductions in net acid excretion resulted exclusively from
enhancement of sodium transport in the proximal tubule owing
to a greater availability of filtered reabsorbable anion. A tran-
sient enhancement of proximal sodium reabsorption owing to
an increase in filtered chloride might cause a transient decrease
in sodium delivery to distal sodium/voltage-dependent acidifica-
tion sites (for example, cortical collecting tubule) of sufficient
magnitude to decrease net acid excretion, regardless of the
character of anion delivered. The results of the present studies
do not permit distinction between inhibition of distal acidifica-
tion caused by a decrease in distal sodium delivery and that
caused by a change in the character of anion delivered with
sodium at a normal rate.
The observation in the present studies that the development
of chloride-induced renal tubular acidosis was accompanied by
a tendency for plasma potassium concentration to increase and
for renal potassium retention raises the possibility that alter-
ations in potassium homeostasis might have been responsible
for the occurrence of renal acidosis. Such a possibility is
consistent with the known effect of hyperkalemia to suppress
renal ammoniagenesis in vitro [26, 27] and for the known effect
of hyperkalemia induced by chronic potassium chloride loading
in dogs to result in renal tubular acidosis [28]. Whereas the
magnitude of increase in plasma potassium concentration
caused by increased chloride intake in the present studies was
small and did not reach statistical significance, it is not possible
21t is recognized that a large fraction (33,4 mEq or 42%) of the total
acid retention (79 mEq) during chloride substitution was observed on
the first day of chloride administration, at which time urinary chloride
excretion and concentration had not yet reached maximum values.
Whether the increases in luminal chloride concentration at medullary
collecting duct sites on day 1 were greater or less than the eightfold
increase observed in urinary chloride concentration and whether this
magnitude of increase is sufficient to inhibit acidification in this species
will require further investigation.
to fully exclude a contributory role for this factor in the
pathogenesis of the observed impairment in renal acidification.
The possibility requires consideration that the decrease in net
acid excretion consequent to substitution of dietary chloride for
phosphate in the present studies resulted from the decrease in
urinary buffer excretion that attends reductions in phosphate
excretion. This possibility was not considered likely, since, if
the observed dietary anion-induced impairment in renal acid
excretion was caused by the associated decrement in buffer (Pi)
excretion, it would be predicted that the decrease in net acid
excretion would be accompanied by a decrease in urine pH
rather than the observed significant increase (day 1, chloride
substitution; day 1, chloride re-substitution, Table 2, Fig. 1).
Moreover, since excretion of the other major urinary buffer,
ammonium, did not increase as urine pH increased during
chloride administration, it is difficult to attribute the observed
increase in urine pH to an increment in total urinary buffer
content. Furthermore, the results of Protocol 2, designed to
further evaluate urinary buffer effects, revealed that a large and
persistent increase in nonphosphate buffer (creatinine) excre-
tion rate failed to correct chloride-induced renal acidosis. Since
administered and filtered creatinine (pH 7.4, pK' 4.9) exists
largely in the non-ionized form and since the charged species,
creatininium ion, is cationic at the urinary pH values achieved
in the present studies, nonreabsorbable anion effects of this
maneuver are precluded. The magnitude of the observed incre-
ment in buffer excretion rate caused by creatinine loading was
substantially greater (3.6 mmoles/kg per 24 hr) than the magni-
tude of the decrement in urinary buffer excretion rate (1.0
mmoles/kg per 24 hr) caused by the removal of dietary phos-
phate in substitution for chloride. Since renal acidosis persisted
during creatinine loading, and since the directional changes in
urine pH and ammonium excretion accompanying the develop-
ment of chloride-induced renal acidosis were inconsistent with
an effect of reduced buffer excretion to decrease net acid
excretion, it seems reasonable to conclude that the chloride-
induced decrease in net acid excretion was not caused by the
associated reduction in buffer excretion. The results of the
period of sulfate loading which demonstrated a complete cor-
rection of renal acidosis induced by previous substitution of
dietary chloride for phosphate, provide strong additional evi-
dence that chloride-induced renal acidosis is caused by a
primary alteration in the load of nonreabsorbable anion and is
not the specific effect of a decrease in inorganic phosphorus at
some critical transport or metabolic site.
The results of the present studies reveal a major role for the
chemical characteristics of dietary anions in the renal regulation
of systemic acid-base equilibrium. Current concepts of mamma-
lian renal acidification mechanisms suggest that the chloride-
induced inhibition of hydrogen ion secretion is mediated by
inhibition of the voltage-dependent component of distal hydro-
gen ion secretion. The present results raise the possibility that
under certain conditions of ECF volume depletion, reported
clinical states of metabolic acidosis are determined in part by
the identity and quantity of dietary anions. Whereas increases
in dietary sodium chloride intake have been noted to exacerbate
the severity of hypobicarbonatemia in clinical states of renal
tubular acidosis of diverse pathophysiological origin, it has not
been established whether this effect is dependent on increased
dietary chloride [29, 30]. Whether dietary chloride per se plays
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an appreciable role in the occurrence or magnitude of clinical
states of renal acidosis remains to be determined.
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